The Agios Athanasios ore deposit is located within the wider area of Ieropigi in Kastoria, Greece. The specific ore deposit is developed in form of layers between ophiolites and Tertiary molassic conglomerates. The main mineralogical components are hematite, goethite, quartz, and secondarily, garnierite, lizardite, saponite, willemzeite and sepiolite, while scarcers are chromite, calcite and nepouite. Nickel is mainly found in garnierite, willemzeite and nepouite, which in coexistence with quartz are the main components in the binder material of the ore. For the mineral processing gravimetric and magnetic separations are used in the size of fractions −8 + 4 mm, −4 + 1 mm, −1 + 0.250 mm and −0.250 + 0.063 mm. The chemical and mineralogical analysis in combination with microscopic examination showed that mineral processing by gravimetric separation gave the most satisfactory results for the size fraction −1 + 0.250 mm.
Introduction
Nickel is a chemical element which cannot be encountered purely in nature. It is found as sulfides, oxides and inorganic salts. Nickel presents great affinity with iron, cobalt and copper. Therefore, they coexist in many types of deposits and may replace one another to a great extent. This is of great significance, as it can be easily
Geology
The Agios Athanasios ore deposit is located within the wider area of Ieropigi in Kastoria, Greece. The area under investigation belongs mainly to the zone of Eastern Greece (Sub-pelagonian) and partly to the Pelagonian zone. The area's geological structure is represented by formations of the Sub-pelagonian zone. Moreover, the Kastoria Fe-Ni deposit is overlain by Tertiary molassic conglomerates (Figure 1 ). Sub-Pelagonian and Pelagonian geotectonic zones are mainly characterized by serpentinised ultramafic rocks (ophiolites) aged from Upper Jurassic to Lower Cretaceous [8] . The two zones generally lie on the western segment of the Internal Hellenides and for decades have been investigated in depth to their structural geology, geochemistry and petrology. In lithological terms granites, ortho-and paragneisses as well as ophiolites are mainly found in the area [9] . A characteristic transition from the volcano-sedimentary rock sequence in carbonates has been also characteristically described around Kastoria [10] . The nickeliferous iron ores in the area appear to be a layer full of discontinuities, which consists of serpentinised ultramafic rocks and sediments on top of them. In a narrow zone extending in a NW-SE direction from Albania to the south Kastoria appear outcrops of ophiolitic rocks which compromised largely by ultramafic rocks. These ultramafic rocks are characterized by a network of veins, which are epigenetic in origin and consist of quartz, calcite and greenish nickel-bearing silicate minerals [11] . According to Mountrakis [12] , the most usual rocks are mainly serpentinised peridotites, dunites, spilitised mafic volcanics and siliceous sediments. Regarding to the ophiolites in the area, they have shown a Late Jurassic to Early Cretaceous deformation and Tertiary to recent sediments [9] .
Experimental
The mineralogical examination of the nickeliferous ore was carried out using the X-ray diffraction method (XRD). The automated X-ray diffractometer, D8 Advance of Bruker AXS Company was used. The identification of the ore minerals, the description of the fabric and the examination of the intergrowth in the different products were performed with an ore microscopy. A JENA ore microscope equipped with an OLYMPUS digital camera was used. The mineralogical characteristics of the ore samples have been investigated by using a scanning electron microscope (SEM) type Jeol JSM 5400 in conjunction with EDS-microanalyses. The chemical analysis of nickeliferous ore was carried out using the automated X-ray fluorescence spectrometer (XRF), S2 Ranger of Bruker AXS Company. For the gravimetric separation of nickeliferous ore samples, the heavy liquid tetrabromoethane was used, which has density 2.96 g/cm 3 . The magnetic separation was performed with the Perm Roll Magnetic Separator made by IMPROSYS and with the high intensity Induced Roll Magnetic Separator MIH 111-5 made by Carpco.
Mineralogy
The ore sampling was held by the lateritic nickeliferous ore deposit of Agios Athanasios in Kastoria area, Greece. The mineralogical study was performed to representatives' samples of the investigated ore by starting from the base towards to the top of the deposit. Above the underlying rock (ophiolites), there are successive layers of silicate ore, saprolithic ore, clay ore and iron ore zone (limonite iron ore and manganese oxides iron ore) (Figure 2) . The deposit is covered by molassic conglomerates.
The microscopic examination and X-ray diffraction analysis (Figure 3) showed more or less the presence of quartz and lizardite in all samples. Especially in the bottom section of the deposit, the silicate ore, there are mainly found quartz, lizardite, garnierite (nickel antigorite) and willemseite (nickel talc), as well as occasionally sepiolite and nepouite (nickel serpentine), while hematite is in a smaller percentage. Quartz is mainly formed on compact masses. Garnierite is observed in the binder material between the quartz masses as well as lizardite. Occasionally, ferruginisation is identified in the form of hematite replacing the binder material.
The mineralogical analysis in the saprolite ore zone showed the presence mainly of lizardite, while to a smaller percentage was observed hematite, goethite, quartz, sepiolite, saponite, garnierite, willemzeite and chromite. The ferruginisation occurs in a very small degree in the form of individual grains of goethite, which alters progressively into hematite due to dehydration. The binder material (matrix) is mainly constituted of lizardite and partially by saponite and garnierite. Micro-analyses in the binder material confirmed the presence of lizardite and garnierite, submitted partially to replacement by ferrous solutions (Figure 4) . Furthermore, the chromite crystals are usually multiply cracked, showing thus a characteristic cataclastic texture.
Next zone is the clay ore, which mainly consists of calcite, lizardite and to a lesser extent, saponite and willemzeite. Goethite and hematite are recorded as iron mineralization. The binder material's main mass is constituted of lizardite and, partially, of saponite and willemzeite, while calcite is encountered in form of veins within the binder material and is considered of secondary origin. Goethite is also observed in form of thin veins scattered in the matrix.
The upper iron ore zone consists of goethite, hematite and quartz, while in a smaller extent were recorded chromite, saponite and garnierite. Quartz is found in the form of compact masses, but also in the form of individual grains. The binder material between the grains is constituted mainly of saponite and garnierite. Individual chromite grains were observed scattered in the matrix, which are characterized by multiple cracks (cataclastic texture). The ferruginisation is encountered occasionally within the binder material, mainly as goethite and partially as hematite, in the form of veins, showing an epigenetic origin. Goethite has progressively transforms into hematite through dehydration ( Figure 5) .
The chemical analyses of representative samples collected from various parts of the nickeliferous ore deposit are presented in Table 1 .
The SiO 2 is mainly present in quartz so as in the silicate phases (lizardite, garnierite, willemseite, sepiolite, saponite), while Fe 2 O 3 is mainly present in ferrous minerals (goethite and hematite) and secondary in chromite. Nickel is mainly present in garnierite and secondary in willemseite and nepouite. The highest content of the NiO is observed in the silicate ore zone (4.06%).
Washability Treatment
A jaw crusher was used in order to crush the collected bulk sample at size −8 mm. The product of the jaw crusher was sieved into fractions −8 + 4 mm, −4 + 1 mm, −1 + 0.250 mm and −0.250 + 0.063 mm. All size fractions were used for both magnetic and gravimetric separation tests. The fine fraction −0.063 mm was not used, because it was not suitable for these mineral processing tests. Table 2 shows the results obtained from the chemical analysis of the size fractions produced. SiO 2 and Fe 2 O 3 are the major oxides which are found during the whole process. The highest SiO 2 content is found mainly in the coarser size fraction −8 + 4 mm, while the highest Fe 2 O 3 content is present mainly in the fraction −4 + 1 mm. The quality of NiO is higher in the −1 + 0.250 mm size fraction. However, the finer size fraction −0.063 mm has also a quite high NiO content (1.87%).
Gravimetric Separation
The gravimetric separation of the ore was carried out using tetrabromoethane which is a heavy liquid with density 2.96 g/ml. Table 3 presents the results of the gravimetric separation of the size fractions −8 + 4 mm, −4 + 1 mm, −1 + 0.250 mm and −0.250 + 0.063 mm. As apparent from these results, the weight percentages of the Grand Total 100 floats are by far higher compared to those of the sinks for all size fractions. In general, the results obtained are satisfactory as in each fraction the float has a very high nickel content. In particular, the results of size fraction −8 + 4 mm are quite satisfactory as the NiO content is 1.45% in the floats and 0.69% in the sinks. The weight distribution in this fraction is 94.01% in the floats and 5.99% in the sinks, which is an indication that the greater quantity of NiO goes to the float products. The previous results are also obtained by microscopic examination of this size fraction. At the size fraction −4 + 1 mm (Figure 6(a) ), the results are quite similar to the previous ones. The 1.34% content of ΝiO in the floats is high but lower than the one in the floats of the −8 + 4 mm fraction. The weight distribution in this fraction is 91.38% in the floats and 8.62% in the sinks. The results of size fraction −1 + 0.250 mm are very satisfactory since the NiO content (2.58% in the floats) is the highest quality of the whole process (Figure 6(b), Figure 7) . The weight distributions are 94.49% and 5.51% in the floats and in the sinks, respectively. Similar results can be revealed for the size fraction −0.250 + 0.063 mm (2.19% and 1.27% in the floats and the sinks, respectively). Although the high quality of NiO observed in the floats, the NiO content in the sinks (1.27%) is an unsatisfactory factor for the gravimetric separation at this size fraction. However, the weight distribution in the floats (92.15%) still remains high.
Magnetic Separation
For the magnetic separation of fractions −8 + 4 mm and −4 + 1 mm the Perm Roll separator (equipped with permanent magnets) was used. According to the procedure, each size fraction was separated in two or three passes with decreasing rotation frequency, starting with a rotation frequency of 180 rpm. For the size fraction −8 + 4 mm, the non-magnetics products were passed at 140 rpm and finally at 100 rpm, while the second fraction −4 + 1 mm was separated in two passes, due to its insufficient quantity (180 and 140 rpm). In each pass the magnetics are collected, weighted and assayed and the non-magnetics products are used to feed the next pass. For the fractions −1 + 0.250 mm and −0.250 + 0.063 mm the Induced Roll magnetic separator was used. The fraction −1 + 0.250 mm was separated in three passes with decreasing rotation frequency starting with 140 rpm and electric current I = 2.83 Amps, while the fraction −0.250 + 0.063 mm was separated also in two passes. Table 4 presents the results obtained from the magnetic separation of all the size fractions (except for the fraction −0.063 mm, which was not used). The chemical analysis of NiO in the fraction −8 + 4 mm are 0.96%, 1.17%, 1.52% in the magnetic products 1, 2, 3 respectively and 2.34% in the non-magnetic. It is seen that the non-magnetic product has the highest quality of NiO. The weight distribution is 37.49% in the magnetic product 1, 14.25% in the magnetic product 2, 22.27% in the magnetic product 3 and 25.98% in the non-magnetic product. At the size fraction −4 + 1 mm, the quality of NiO in the non-magnetic product is similar to the one in the coarser size fraction Grand Total 100 (2.17%). On the other hand, the weight distribution is much lower (15.81%). It is noted that the NiO content in the magnetic 1 product is 1.38% with a high weight distribution (61.67%) which means that a great quantity of NiO goes to the magnetic 1 product. The results of the magnetic separation of size fractions −1 + 0.250 mm and −0.250 + 0.063 mm are quite satisfactory. At the size fraction −1 + 0.250 mm the NiO content is 2.27% with 48.03% weight distribution in the magnetic product 1. It is pointed out that the NiO content in the magnetic 3 product is 4.32%, which is the highest quality of NiO of the whole process. However, the weight distribution of this product is low (10.87%). This fact is justified by its microscopic investigation, where a large proportion of binder material grains have been found. Concerning the size fraction −0.250 + 0.063 mm, the NiO content in the magnetic product 1 is 2.61% with a very high weight distribution (87.87%) (Figure 8(a) and Figure 8(b) ). The latter results combined with the high quality of NiO in the magnetic 2 product (4.21%) leads to the fact that this size fraction is better separated with the specified method (Figure 9 ).
Discussion and Conclusions
The nickel iron ore of Agios Athanasios in Kastoria area develops in the form of layers over ophiolites. Above the ophiolites, there are successive layers of silicate ore, saprolite ore, clay ore and iron ore zone. The nickeliferous ore zone is covered by the molassic conglomerates on the top. The main minerals of the nickel iron ore are hematite, goethite, quartz and lizardite, while in less extend are garnierite, saponite, willemzeite and sepiolite, and scarcers are chromite, calcite and nepouite. Hematite and goethite are mainly observed in the form of veins, as well as isolated crystals within the binder material, which were mainly constituted of compact masses of quartz, as well as garnierite, lizardite, saponite, willemzeite, sepiolite and nepouite. Furthermore, isolated clastic granules of chromite and veins of calcite of secondary origin were observed. A progressive transition of the goethite into hematite is occurred, due to dehydration. Nickel is mainly found in garnierite, willemzeite and nepouite, which are along with quartz the main components of the binder material. The results of the gravimetric separation lead to the conclusion that in all size fractions nickel is enriched in the light size fraction and distributed mainly in the floating products. The best nickel enrichment was achieved in the −1 + 0.250 mm fraction with a NiO content of 2.58% and a distribution 94.49%. There also occurs high percentage of NiO in the floating product of the size fraction −0.250 + 0.063 mm fraction (2.19%).
The results of magnetic separation lead to the conclusion that nickel is enriched mainly in magnetic products, while small concentrations were observed in the non-magnetic products. Exception was the coarser size fraction −8 + 4 mm, where there was the highest concentration of NiO in the non-magnetic product (2.34%). This is due to the insufficient liberation of the binder material. The best nickel enrichments were performed in size fractions −1 + 0.250 mm and −0.250 + 0.063 mm. The NiO content in magnetic product 3 of the size fraction −1 + 0.250 mm was 4.32%, while in the magnetic product 2 of size fraction −0.250 + 0.063 mm was 4.21%.
The relatively high nickel concentration (1.87%) in the fine size fraction −0.063 mm is worth noticing. This can be explained by the factor that Ni is found in binder material; as a result, through breaking and sieving, the binder material's granules are led to this finer size fraction. The microscopic investigation of this size fraction confirms the presence of a significant percentage of binder material granules, which are enriched in quartz, garnierite, willemzeite and nepouite.
The comparison between the two washability treatment methods leads to the observation that the gravimetric separation provides a better nickel distribution in all size fractions, while the magnetic separation provides higher nickel analysis. In conclusion, satisfactory nickel content in combination with the better distribution in NiO in the gravimetric separation makes it the appropriate enrichment method for this specific deposit in regard to the magnetic separation method.
